The paper reports an investigation on a semi-active/passive integrated vibration isolator utilizing magnetorheological elastomer (MRE) and a spring. To overcome the main shortcoming of passive isolation system, i.e. lack of adaptability, the semi-active/passive integrated isolator (SAPII) based on MRE and spring is designed and prototyped. The magnetic circuit is optimized by finite element analysis to fully unlock the unique feature of MRE. The dynamic response characteristic of the SAPII is experimentally investigated under sweep frequency test. A dynamic model of the SAPII vibration isolation system is established on the basis of Kelvin model. The model parameters, such as equivalent stiffness and equivalent damping, are identified from experimental data. A ON-OFF control law based on the minimal displacement transmissibility is designed for isolation control of the sinusoid excitation. Two control laws, i.e. ON-OFF control and fuzzy logic control, are designed for vibration isolation of random excitation. Finally, the effectiveness of these control laws is verified by numerical simulation and experiment.
.Introduction
Passive vibration isolation is a simple and reliable way of suppressing the vibrations in a dynamic system [1] , which is the recommended approach to mitigate unwanted disturbances [2] . The passive isolation systems normally utilize a variety of implementation devices containing viscoelastic materials, springs, hydraulic dampers and pneumatic isolator [3] . However, the fixed natural frequency of passive isolators limits its implementation over wide frequency range. The limitations of passive isolators can be overcome by active or semi-active isolation methods [4] . The bulky and complex nature of the active system makes semi-active isolation as a viable option [5] . In recent years, smart materials have gained much attention for their potential in designing more compact and simpler semi-active isolation systems [6] . 1 Magnetorheological elastomer (MRE), belonging to magnetorheological material family, is a composite material with magnetic-sensitive particles suspended or arranged within non-magnetic elastomer matrix [7] . The comprising rubbery polymers loaded with magnetizable particles that can be aligned along a magnetic field, possess dynamic stiffness and damping that can subsequently be controlled by applied magnetic fields [8] . As a result, vibration isolators containing a) Author to whom any correspondence should be addressed. MRE materials could vary its stiffness in real time under the influence of magnetic field to adapt different frequency of vibrations [9] [10] . The unique magnetic field dependent property enhancements make MRE a potential material for vibration isolation which can be achieved either by shifting the resonance region of the structure or by reducing the amplitude of vibration of the structure at resonance [11] . Meanwhile, MRE has very fast response time in the order of milliseconds [8] , which can ensure the capacity of real-time control of MRE isolation system. There are two main operation modes of MRE: shear mode and squeeze/elongation mode, as shown in figure 1. The MRE devices working in shear mode include vibration absorbers [12] [13] [14] [15] , vibration isolators [16] [17] [18] [19] and base isolators [9, [20] [21] . Examples of squeeze/elongation mode devices are vibration absorbers [22] [23] , engineering mounts [24] and compressive spring elements [25] . MREs can operate in a wide range of frequencies and tolerate large shear deformations [11] . Du et al [26] proposed a MRE isolator for controllable automotive seat stiffness of the non-polar conversion system, which demonstrated good isolation effect on random and collision traffic conditions. Kavlicoglu et al [24] implemented a MRE vibration isolation device that can provide a wide range of controllable static stiffness under changing magnetic field. Jeong et al [27] designed a MRE differential mount with variable stiffness to be used in vibration isolation between engine and car body of vehicles. However, most researches are considering MRE as main medium for vibration isolation.
As known, on the quest of wider isolation range, the MRE material needs to possess large MR effect. The feasible way to achieve this is to have soft elastomer base therefore possessing big modulus increase. The soft rubber medium, on the other hand, constrains the workability of the MRE isolator when no magnetic field is applied, i.e. passive isolation, due to its low modulus. Most of the isolators can only be used in the applications with small payload.
The greatest advantage of MRE devices is its fast, reversible and controllable stiffness. To fully utilize this feature, efficient and effective control law is the key to realize optimal isolation performance [28] . To this end, Li W et al [18] proposed an ON-OFF control law for an MRE isolator used in a seat suspension system. Liao G et al [19] developed different ON-OFF control laws for sinusoid excitation, random excitation and impact excitation, whose effectiveness were verified by simulation and experiment. Opie et al [29] developed a clipped-optimal controller for an MRE isolation system with 5-10 Hz excitation. However, the explorations are still limited and further efforts are required to adventure such journey to pave the way to future implementation.
In this paper, a semi-active/passive integrated isolator (SAPII) utilizing MRE and spring is designed and prototyped to realize the reliable passive isolation and effective semi-active isolation. The organization of the paper is presented as followings: In section 2, the new design of the SPAII is introduced and the magnetic circuit of SAPII is analyzed by the finite element software Maxwell; An experimental setup is developed to obtain the dynamic response characteristic of the SAPII in section 3; In section 4, dynamic model of the vibration isolation system is established, and the parameters of the SAPII are identified based on the dynamic performance and the displacement transmissibility curves under different currents. In section 5, the ON-OFF control law based on the minimum principle of displacement transmissibility is designed for isolation control of sinusoid excitation. The ON-OFF control law and the fuzzy logic controller based on damping control and stiffness control are designed for isolation control of random excitation; the effectiveness of these control laws is verified by numerical simulation and experiment shown in section 6.
.The design of the SAPII
The proposed SAPII consists of one spring and two pieces of MRE used as passive vibration isolation element and semi-active vibration isolation element, respectively, shown in figure 2. Two pieces of MREs have identical dimension of 30mm×20mm×10mm. The mass fraction of carbonyl iron particles (Type MPS-MRF-15, Tianyi, China), silicone rubber (Type RTV-704, Kafuter, China) and dimethylsilicone oil (Type D104767, Aladdin, China) are 76%, 17% and 7%, respectively. The MREs are solidified in a magnetic adding device [30] , which ensures the anisotropy property. The
MREs and the support block form a sandwich structure pre-tensioned by a clamping mechanism.
The sandwich structure ensures MREs working in shear mode when the support block with payload moves up and down.
The square-shape magnetic path of the isolator is made of pure iron, type DT4A, which has great magnetic permeability excellent demagnetization property. The platform connected with the support block is used as working plat. A spring is placed underneath the support block to withstand its weight as well as provide passive isolation for the system. Four coils are wound around magnetic path to provide strong magnetic field to MREs. The controlled current range is 0-2A.
Through varying the magnetic field, the stiffness and damping of the MRE can be changed to shift the nature frequency of the SAPII vibration isolation system. This design adopts the most effective and efficient magnetic circuit design, i.e. the C-shape magnetic circuit, since it creates an enclosed field path for the magnetic flux and thus has minimum energy losses [31] . The magnetic flux line and magnetic field intensity in the SAPII are obtained by Ansoft Maxwell 3D shown in figure 3 . Under applied current of 2.0A, the average magnetic field in the magnetic path is 1.875T, which is lower than the saturation magnetic flux density of DT4A, i.e. 2.5T. The magnetic field in the MRE is perpendicular to the shear direction. The magnetic field in MRE is strong and uniform with average field intensity of 428.5mT which is very close to the saturation magnetic magnitude of MRE with similar composition [32] [33] . 
Experimental testing of the SAPII
The dynamic response characteristics of the SAPII are studied using a forced vibration test system shown in Figure 4 As known, to obtain a better control performance in displacement when the excitation is periodic loading, it would be desirable to stiffen the isolator. On the other hand, for better mitigation of the acceleration, stiffening the isolator only leads to excessive acceleration. Ideal situation for acceleration reduction is to tune the natural frequency of the isolator to be far less than the excitation frequency. However, soft isolator, e.g. very low natural frequency, leads to excessive displacement transmitted to the isolated object. Therefore, trade-off must be considered during the design of the control law if the criteria are to have both displacement and acceleration controlled in certain range. Reviewing the experimental results, if only considering isolated displacement, the minimum displacement profile occurs only when the applied current is 0A or 2A,
shown in Figure 5 . There is a threshold frequency where below this frequency one should apply 2.0A and above this frequency one should apply 0A, in order to obtain optimal displacement reduction. 
Mathematical modeling
MRE is a kind of viscoelastic material that can be described by Kelvin model [34] . MRE vibration isolation system can be simplified as a single degree of freedom system. The mathematical model of the SAPII vibration isolation system is shown in figure 7 . The governing equation of this system could be derived as
where k1 is the stiffness of the spring, specified as 8.04 Nmm -1 . k0 and c0 are the stiffness and damping of the MRE isolator under zero magnetic field, respectively. △k and △c are the stiffness and the damping increment caused by magnetic field separately. m is the mass of payload, including the mass block, the platform and the support block. x(t) is the displacement response for displacement excitation y(t).
The key parameters about stiffness and damping can be expressed as
where, kM represents the stiffness of MRE, and k, c represent equivalent stiffness and equivalent damping, respectively.
The equation (1) can be simplified as
The force provided by MRE can be represented as
where RD and RV represent relative displacement and relative velocity, separately.
The control force induced by magnetic field can be written as
Therefore, the governing equation of this system could also be derived as
By applying the Laplace transform on both sides of the equation (5), we can get the transfer function of the SAPII vibration isolation system written as follows
The displacement transmissibility of the SAPII vibration isolation system can be represented as 
where fd is the damped resonance frequency of the SAPII vibration isolation system. At this time, the displacement transmissibility of the SAPII vibration isolation system reached its peak Tm calculated by
From equation (11) and equation (12) , the equivalent stiffness and the equivalent damping can be represented as follows
fd and Tm can be obtained from the transmissibility curves under different currents shown in figure 5 . Here, m is specified as 0.7kg. The parameters of the SAPII vibration isolation system,such as equivalent stiffness, equivalent damping, nature frequency, resonance frequency, damping ratio listed in table 1. Under applied current 0-2A, the relative change of the equivalent stiffness is 218.69% and the relative change of the equivalent damping is 332.82%. 
Control strategies for the SAPII vibration isolation system

Sinusoid Excitation
The demand to isolate periodic excitations from mechanical systems is often requested. Using MRE variable stiffness mechanism, Liao et al [19] has proposed a simple ON-OFF control law with aim to reduce the transmitted displacement, as following:
Where, and are the maximum and minimum stiffness of the MRE isolation system, respectively. and are the maximum and minimum damping of the MRE isolation system, respectively. is the excitation frequency and 0 is the natural frequency of the MRE isolation system. The proposed control law utilizes the natural frequency of the MRE system as control feedback. However, such reference frequency is not fixed while switching between ON and OFF states which lays challenge to implement such control law.
As observed from the experiment, the minimum peak of displacement always appears in 0A state or 2A state as shown in figure 5 . A simple ON-OFF control law is therefore proposed as follows: From equation (10), (17)- (18), the ON-OFF threshold can be expressed as a function of k1 and m (the payload mass) as shown in figure 8 . When payload and spring change, the ON-OFF threshold can be adjusted according the mass and the spring stiffness. Here, the ON-OFF threshold f0 corresponding to the mass of 0.7kg and the spring stiffness of 8.04
Nmm -1 in the system is 37.536 Hz. 
Random Excitation
Random excitation is another encounter in vibration isolation applications. In this part, two control algorithms, i.e.
ON-OFF control and fuzzy control, are designed to take full advantage of the proposed system.
ON-OFF control law
The ON-OFF control for the random excitation is the integration of damping ON-OFF control [35, 36] and stiffness ON-OFF control [37] . The ON-OFF control law can be expressed as (19) Where kmax and kmin are the maximum and minimum stiffness of the SAPII, respectively. cmax and cmin are the maximum and minimum damping of the SAPII, respectively. RD and RV represent payload's displacement and velocity with respect to base, respectively. RD·RV ≥0 indicate the load is moving away from the equilibrium position. In this time, the selection of large damping coefficient is helpful to restrain this trend. When the load is approaching to the equilibrium position respect to RD·RV<0, the small damping switches the SAPII into soft state resulting the payload to return to the equilibrium position easily. The control mechanism is illustrated in figure 9 [19] . In the SPII system, stiffness and damping raise with the increase of applied current. Therefore, the ON-OFF control law can be further summarized as Figure 9 . Stiffness ON-OFF control schematic: (a) without control and (b) ON-OFF control
Fuzzy logic controller
To achieve robust performance with system uncertainties, a fuzzy logic controller is designed shown in figure 10 . The fuzzy logic controller is nested in a closed-loop system including fuzzifier, inference mechanism, defuzzifier and fuzzy rules. I is the applied current, which represents the input of the controlled system and the output of the fuzzy logic
controller. x, r is the payload's displacement and reference displacement, respectively. Here, the expected reference displacement is set to zero. e represent the deviation between payload's displacement and reference displacement. c is the change rate of the payload's displacement. e, c is the input of the fuzzy logic controller, which can be expressed as equation (21) and equation (22), respectively. ke, kc and ki are the quantification factors of e ,c and I. figure 11 and figure 12 . The membership functions of the input belong to gaussmf-type to enhance the smoothness of fuzzefier. The membership functions of the output are triangle-type to improve the sensitivity of defuzzifier. The fuzzy inference mechanism is based on max-min inference based on Mamdani 's method. The center-of-gravity method is introduced to defuzzifier.
In this paper, the fuzzy logic controller includes 49 pieces of fuzzy rules listed in table 2. Two exemplar rules are listed as follows
If e(t) is PB and c(t) is PB then I is PB
If e(t) is NM and c(t) is PS then I is PS
Rule 1 indicates that the fuzzy logic controller should output a larger current to restrain the rapid growth when the payload has a large positive displacement and a large increase trend.
Rule 2 means that the fuzzy logic controller should output a smaller current to pull the payload back to equilibrium position when the load has a medium negative displacement and a slight decrease trend. Figure 11 . The membership function of the inputs Figure 12 . The membership function of the outputs Table 2 .The fuzzy rules of the fuzzy logic controller
Experiment and simulation
Experiment results for sweep-frequency sinusoid excitation
The experimental setup to investigate the ON-OFF control performance of SPII vibration isolation system under sweep-frequency excitation is shown in figure 13 . 
Numerical analysis on control performance of ON-OFF and fuzzy logic controllers under random excitation
To verify the effectiveness of proposed control algorithms for random excitation, Simulink model is created as showed in figures 15 and 16. The random excitation source is made of Band-Limited White Noise module and Analog Filter. The frequency range of the random excitation is chosen around the resonant frequency, i.e. 20-35Hz, due to it's vulnerability at its resonant frequency range. Figure 17 illustrates the time history of the random excitation and its frequency spectrum.
The system properties of the SPAII are as followings: payload m = 0.7kg and the spring stiffness k = 8.04 Nmm -1 . The maximum allowable current is Imax = 2.0A for both passive and fuzzy logic control. In the fuzzy logic control system, the amplification factors are ke=1800, kc=8.5 and ki=1, respectively. Other system parameters are selected same as in Table 1 . Figure 18 shows the performances of the SPAII isolation system with passive, ON-OFF control and fuzzy logic control.
For both displacement and acceleration responses, the controlled systems, i.e. with ON-OFF controland fuzzy logic control, have much better performances than uncontrolled one, i.e. passive system. ON-OFF control achieves similar displacement reduction compared with fuzzy logic system. However, fuzzy logic controller surpasses ON-OFF controller in acceleration isolation. Table 4 gives the statistical sumarry of the control performance for three systems. To further review the control performance, two parameters are presented in figure 19 , i.e. control force and control current. Apparently, fuzzy logic control possesses smoother transition in the applied currents while maintaining optimal control forces. In the view of energy consumption and electronic design of the control system, fuzzy logic control would be better choice for implementation.
(a) (b) Figure 19 . Comparison between ON-OFF control and fuzzy logic control: (a) control currents; (b)control forces;
Conclusions
A semi-active/passive integrated isolator (SAPII) is designed to achieve effective vibration isolation in a wide frequency range by using MRE and spring elements. 
